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T SECTION - A

D.C. Electrical Resistivity ¢
3. Introduction
Historically, ferrites have attracted the

attention of many physicists and technologists as they
are the i&portant semiconductor materials. Both the
semiconductor and magnetic material exhibit interesting
properties that could be used in electronic devices.
The mechanism of charge transport plays a very
important role in development of electrical properties.
The information of interest for an empirical analysis
of conduction process is the density and mobility of
charge carrviers as a function of temperature and types
of energy levels which the carriers occupy. The
electrical conductivity of ferrites mainly depends upon
the chemical composition, temperature, porosity,
density and method of preparation.

The room temperature resistivity of pure NiQ,
FeaxUx and of wsome ferrites and garnets exceeds 18*® O
cm. that they can be regarded practically ‘ as
inzulators. For oxides which contain a substantial
concentration of metal ions, in two different valence
states on crystallographically eguivalent sites,
require relatively small activation energies [1] and
this is reflected in low resistivities. The
conductivity for a given oxide system increases with

mixed valency concentration {2,3].
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The spin alignment and electrical conduction
relationship «an be inferred from comparison of
condurtivity versus temperature studies observed below
Curie or Neel temperature. With high temperature
paramagnetic region, for many oxides, the spontaneous
magnetization does not affect the electrical transport
properties., Certain oxides exhibit a marked change in
the slope of Log § versus 1/T »x 18 relationship,
whereas magnetie (Fé304) undergoes a semiconductor to
metal transition [4].

The conduction in ferrites is mainly due to
exchange of 3d electrons, localized at metal ions i.e.
from Fe®+ +to Fe®* and vice versa [5%]. Jonkar [6]
derived an expression for mobility from hopping
conduction model, based on the localized levels for
electrons. Band polaron model based on electron
transition between localized cell was alsco suggested
{71. Small polaron model has been introduced by
Naubenreisser [8]. Lorentz and Ihle {9] have explained
the electrical properties on the basis of thermally
activated motion of electrons and Shrinivasan [1@] has
adopted phonon induced tunneling.

The electrical properties of ferrites are affected
by the distribution of cations in the sites, magnetic
and non-magnetic substitutions, the amount of Fe®+
present, sintering condition, grain size and grain

growth effects etc. The electrical properties of Nickel
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ferrites have been studies by several investigators
f11-143. Van Uitert [13]} investigated the effect of
iron stoichimetry and sintering temperature on the
resistivity of Nickel ferrites. Murthy and Sobanadri
18] have investigated the d.c. conductivity of some
Ni—Zn ferrites as a function of temperature from room
temperature to 380 <C. The ferrites which containg iron
in excess shows n—type conduction and those with iron
deficiency, show p-type conduction. The d.c.
resistivity in Ni-Cd ferrites is investigated by Patil
M.G. et. al. {[16]. The effect of A1 substitution on
electrical propertiegs of Ni-8n ferrites is investigated
by Babbar and Chandel {[171. Ni-8n ferrites of
different compositions have been investigated by
various other workers [18,19,20].
Se Lo A

3.A.1 Conduction in Oxides

In oxides, oxygen ion are nearly on closed packed
lattice, while cations are partly in octahedral sites
and partly in tetrahedral sites. Such a oxide has
spinel type crystal structure e.g. magnetite (FesOad).
The structure of it can be described by

[Fe®*rla [Fe=* Fe™*la 0a®
This denotes that /3 of iron dions (all bhaving +3
valances) are on tetrahedral site and remaining two

thirds are on octahedral sites. In oxides the
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activation of conduction electron can be represented
by,

gR-MReR-MR(2~ ———— (R-MLeQR-pMI-gR-
where, M is the divalent transition metal ion. The
energy needed for the fnrmatinn-of ions pairs (M=2+ M=2+)
and (M®+ Mr+) corresponds to the gap in density of

states.

3.A.2 Conduction in ferrites

At room temperature ferrites have wide range of
resistivities from 10~ to 108** ¢ cm. The low and high
resistivities of ferrites are mainly explained on the
basis of actual location of cations in spinel structure
and hopping mechanism. Their high conductivity is due
to simultaneous presence of ferrous and ferric ions in
crystallagraphically equivalent sites. The high
resistivity in ferrite is associated with the
occupation of BR-sites by divalent metal ions and
trivalent iron ion. Such a arrangement requires higher
activation energy for hopping of electrons. The two
mechanism of conductivity can be represented as,

Fe?+ + Fe¥* &——> Fe3+ + Fe=2+ +AE

Me®+ + Fe¥*+ <&——> Me™* + Fe2+ +AE see (J.1)
where AE is activation energy. The energy required to
transfer of electron from Me®* to Fe™ and vice versa.
Me denotes divalent metal ion like Cu, Co, Mg, Mn, Ni

and Cd etc.
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The free electron model cannot explain the
electrical conductivity of ferrites because of the fact
that the electrons in ferrites are not free and energy
band model is not suitable to explain the electrical
conductivity for the lack of Bloch type wave functions
for the electrons in ferr%tes. The conductivity of
ferrite can be however explained in terms of electronic
charge carriers like electrons and bholes by the
relation,

o = e (nepe + nhph) “na (3.2)
where n and p stand for concentration and mobilities of
electrons(e) and holes (h) respectively. As electron
moves in one direction, the holes move in opposite
direction. Though the velocities of electrons and holes
are the same, mobility of electron is much higher than
mobility of holes.

The hopping mechanism of conductivity in ferrite
is associated with activation energy which can be
calculated from log § vs 1/T plots. As temperature
increases, the ferrite changes its magnetic state from
a ordered ferrimagnetic state to & disordered
paramagnetic state. When such a change occurs there is
an abrupt change in activation energy. It is observed
that, activation energy in ferrimagnetic region is less
than the activation energy in paramagnetic region.

in ferrite, two types of scatterings exist, the

phonon scattering arising out of thermal vibration of
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lattice and the impurity scattering. The lattice
scattering increases with increasing amplitude of
vibration at higher temperature. The mobility is
proportional to the mean free path between scattering
event. Hence conductivity becomes temperature dependent
and it is written as,

o = oo enp. (-4AE /KT) .ne (3.3)
where, o — temperature dependent constant

K ~ Boltzman constant

Further, in ferrite lattice, there is an interaction
between orbitais of neighbouring ions and electrons
resulting into the polarization of lattice. This effect
is more pronounced due to strong coulomb interaction in
ionic crystals such as ferrites. The combination of an
electron and its polarization field is called as
‘polaron’.

When such an association is weak it constitutes
large polarons. Such polarons are found in  ionic
crystale and conductivity of ionic crystal is similar
to the one explained above. But when electron plus
lattice deformation has a linear dimension smaller than
lattice constant, it constitutes small polarons. They
are usually found in covalent crystals. Due to such a
deformation the effective mass of electron increases as
it partically drags the ions along with it. Therefore,
mobility of electron decreases and becomes highly

temperature dependent. With the help of binding energy
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Ep of electron and polarized lattice, the mobility of
electron be written as,

Hpotearoan & €xp. (—EL/KT) «se (3.4)

where E, = e®2/lere.Vp
where, Vp = dimension of lattice deformation

1/Nmre = difference of reciprocal of optical and

static dielectric constant
The mobility is always less then 1 cm®/v-sec and is
very low. With the help of amall polarons the
conductivity is related to Eg, Ep and T by relation

o = nu exp (-Eq/KT).{(-Ep/KT) .o 3.3
Due to pglarization, the electrons are trapped at the
potential well. When such a potential well is deep
enough, the electron may be trapped at lattice site.
Therefore, its transition to neighbouring site may be
governed by thermal activation. Hence due to thermal
activation lattice is set into periodic vibrations
which are qguantized into phonons.

At high temperatures electrons jump from one site
to another by thermal activation. The hopping mechanism
contributes to conductivity at high temperature. At low
temperature electrons tunnel slowly through crystal
resulting into small conductivity.

The temperature dependence of mobility (i) is
given by {211

e*a*w= ~E

’_‘ I e e ot sveee sy oovns v exp (""'-““) » . (3.6)
KT KT
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where, w — polaron freguency
a - distance between the neighbouring site i.e.
jump length

At low temperatures, polarons behave as particles
moving in the narrow band, where as at high
temperatures small polaron motion results by the
absorption of one or more phonons. Therefore, the
process is essentially & hopping mechanism. When a
tunneling time is less than the time for successive
hopping transition, conduction by small polaron becomes
more predominant. The small polaron model for
conductivity mechanism is explained earlier [22-267.

From the plot of logarithm of resistivity versus
reciprocal of temperature, it is noticed that the slope
of logq Vs 1/T »x 18 K~* curve changes at a particular
temperature which is identified as Curie temperature
{Tc)., It is also observed that resistivity of samples
decreases with increasing temperature. The variation of
resistivity with temperature obeys the exponential
relation,

Q = Po exp (-AE/KT) ces (3L7)
where, AE —~ activation energy and can be interpreted as
the energy required to cause the eleétrmn Jump.

The change in slopes 1s due to disordering of
electron spin at that temperature (Tc). These breaks
suggest that, there is some predominant change in

conduction mechanism due to magnetic phase transition.
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The high activation energy is associated with a high
resistivity at room temperature. The dependence of
resistivity on the stoichiometry was studied by Van
Uitert [13] and Jonkar [27].

In stoichimetric Ni ferrites there is some
tendency for valency changes according to,

NiZ+ + Fe3+ g====2 Ni¥*+ + Fe®+
both the Nickel and iron ione, having two different
valencies, provided conductivity mechanism. On the
other hand, the presence of A1 makes the valency
changes,

NiZ*+ + Al2+ g====2 NiZ+ + Al13+

Fe2+ + Al3+ g===2 Fe3+ + Al=2+

Both the divalent iron and trivalent nickel will be
suppressed. When Al ions are present in  two valence
states, these will be widely separated and thus

division of electrons through the lattice will require

considerable activation energy.

3.A.3 Experimental Techniques

The experimental set up for d.c. electrical
resistivity is shown in Fig. J3.A.1. It consists of an
electrically heated furnace, & digital d.c.
microvoltmeter and a transistorized power supply unit
{TF8U) to provide the d.c. voltage. The silver paste
was applied on both sides of the pellet for good ohmic

contacts. The pellet was mounted in a sample holder
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consisting of two steel rods, in which the sample can

be sandwiched tightly with the help of screws. The cell
was then placed in a furnace. A calibrated Cromel-
Alumel thermocouple was used to measure the temperature
of furnace. FResistivity measurement were carried out by
measuring the current at a constaﬁt vaoltage of 8 volts
from room temperature to 925 oK and resistivity [9] was
determined by the relation
¢ = mr2/t . V/1
where, t -~ thickness of pellet
- ~ radius of pellet

i ~- current through the sample

3.A.4 Results and Discussion

The present résults on the measurement of d.c.
resistivity of NiAl,Fesz-..04 series are plotted in Fig.
3.A.2 for vn = 8.2, 8.4, 8.6, 8.8 and 1.0 respectively.
It is observed that slope of log ?versus /7T » 1@ K~
changes at a particular temperature which is identified
as Curie temperature. It is also cbhserved that
resistivity of the samples in general increases with Al
content and decreases with increasing temperature.

The observed discontinuities in the log § versus
i/7 » 1@0= K—* have been attributed to several reasons
by different authors. It has been stated by Irkhin et.
al. [38] that change in the slope of the straight line

should occur while passing through the Curie point. The
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point separates the upper ferrimagnetic region from
lower paramagnetic region, as the spin-spin interaction
vanishes due to thermal vibrations. Similar result have
been reported by kKomar and Klivshin [29] in the case of
several other ferrites and they have stated that the
change in the activation energy of conduction at =
particular temperature has some relation with the
ferrimagnetic Curie temperature of the ferrites. Such a
praoof for a evidence of a relation between magnetic
ordering and conductivity also comes from the present
results., The breaks in the conductivity plots may alsoc
be due to some other reasons like conduction mechanism
{311. The effect of Al®* substitution in Ni-In ferrite
shows such discontinuities as studied by Chandra
Frakash [32]. Similar results are reported by Kakatkar
[3%3.

The magnetic order in spinel ferrites is mainly
due to superedchange interaction mechanism occuring
between metal ions in A and B sublattices (34).

There are three types of interactions in ferrites
namely A-A, A-R and B-R interactions. Nonmagnetic Al
ions occupy positions in B-sublattice and this causes
decrease in both A-R and E-B interaction. So the B-E
interaction which isg responsiblé for conduction
decreases with increasing aluminium content.

During sintering some Fe™®* change to Fe®* so the

electronic conductivity occurs due to exchange of
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electrons between trivalent iron ion and divalent iron
ion on octahedral sites. The existence of B-R exchange
interaction between ions on the B-sites of such a
ferrite will affect the activation energy required for
transfer of electrons between Fe®* and Fe¥*.

The activation energies corresponding to the para
and ferrimagnetic regions (high and low temperature
regions respectively Fig. 3.A.2) were calculated using
equation (X.7) and are presented in Table (3.A.1). The
activation energy in paramagnetic region is found to be
highey than that of ferrimagnetic region in agreement
with the theory developed by Irkhin and Turov [34].
Similar results wetre also observed for many ferrites
[38,36,6]1.

The transition temperature Tc from log € versus
1/7 s 1@ K—* plaots are given in Table 3.A.1. From
this Table it can be seen that transition temperature
(Tc) decreases with increasing Al content ([Fig.
(3.A.3)]. SBuch a variation can be explained on the
basis of the strength of exchange interaction between
the magnetic ions, which in turn depends upon their
density and magnetic nature. As the number of A1+ ions
increases in the samples, the number of Fe™®* ions go on
décreasing. This decreases the A-R interaction. The
thermal energy reguired to offset the magnetic order

decreases and hence Tc decreases.
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TABLE - 3.f.1.

Activation energy and Curie Temperature data for

NiAl ..F.z— ,.04
X Activation Energy ' AE" (ev) Curie Temp.
e ey, BEeere Te %
0.2 @.954 1.136 971
2.4 3.917 1.192 336
Q.6 Q.793 1.8212 3549
a.68 @2.874 1.15%6 9293
1.00 @.848 1.8395 3519
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SECTION - B
THERMOELECTRIC POWER
3.B.1. Introduction

In ferrites, thermoelectric power and Hall effect
praoperties are used in the interpretation of the
conduction mechanism. The interpretation of Hall effect
is more straight forward and it gives precise results.
However, in case of low mobility materials such as
ferrites, it is sometimes difficult to measure the Hall
effect. In such cases, the thermoelectric power is
the only a&alternative. However, the measurement of the
thermoem' is simple and its sign gives vital
information about the type of conduction whether tbey
are n—~type or p—-type [371. é&nother importance
significance of thermoemf is that it enables one to
calculate the values of Fermi enhergy and carrier
concentration {38].

Seebeck effect is due to diffusion of electrons or
hales which have more kinetic energy at hotter surface
and hence the emf is produced. According to quantum
theory for semiconductors, ‘&' for both type of

carriers is given by,

where, 0~ = Nelan

Cp ™ Palp

adn = (k7€) (An — EL/KT)
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dp = (K/€) [Ae + (EgtE./KT)]
where n and p are electron and hole densities, pn and
pp are electron and hole mobilities. Ef is Fermi enerqgy
and £g is band gap energy. )

The temperature dependence of thermoelectric power
for ferrite materials having only one type aof charge
carriers can be expressed as [39]

¥ No e
a = (=~} [log (——=— ~1) + —-—— ] a
e n KT
where K — Boltzman constant

e — electronic charge

No — concentration of trivalent ions on octahedral
sites

n — concentration of Fe2+* ions

a — is part of activation energy transported by
the electrons

T — absolute temperature
From temperature dependence of Seebeck
coefficient, the sign of charge carriers have been

determined.

3.B.2 Experimental Techniques

The experimental set up for thermoelectric power
measurement is shown in Fig. 3.B.1. It consist of a
furnace, d.c. microvoltmeter, sample holder and digital
multimeter.

the surface of pellets were coated with silver

paste for good chmic contacts. The pellet was put in
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the sample holder and then kept into furnace for the
measurement of thermoelectric power. The temperature
difference of 20 ~C across the pellet was measured on &
digital d.c. microvoltmeter. The sample was then heated
in furnace and thermcemf was measured at different
temperatures. In the measurement of thermoemf,
microvoltmeter gives positive deflection by connecting
ite paositive terminal to hot end of the sample. This
happen in cage of n—-type charge carviers. This
situation reverses when charge carriers are of p—-type.
The thermoelectric power was determined by using

the relation

where AV -~ thermoemf

AT - temperature difference across the pellet

The sign of thermoemf is determined from the
polarity of the cold end of the specimen as the charge

carriers diffuse from hot to cold part.

3.B.3 Results and Discussion

The variation of Geebeck coefficient {(a) as a
function of temperature for the system NiAl,Feaz-,.Ua
with » = 8.2, 8.4, 8.6, @.8 and 1.8 is shown in Fig.
3.E.2. “

From the plots it can be seen that, for the sample

with = @.2 thermoelectric power is negative
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indicating that, electrons are majority carriers. It
increases in magnitude with temperature, which might be
due to activated electron between Fe®*+ and Fe®* in
octahedral sites., For » = @.4, 8.6 and 0.8 initially
thermoelectric power is negative then it changes to
positive sign as the temperatuwre increases. Thus it
shows that both type of charge carriers are present in
these samples.

For x = 1, at room temperature thermoelectric
power is positive indicating that holes are majority
carriers. It decreases with temperature changes to
negative sign at about 385 <K and increases in the same
direction because the activation energy for electron
hopping is less than that for holes.

The presence of nickel on octahedral sites favours
the conduction mechanism {4@] a,

Ni=* + Fe™* g===2 Ni¥+ + Fe=+

thus the conduction mechanism for n—-type is
predominantly due to hopping of electrons [41] from

Fe®+ + e~ ==== Fe2+

Whereas the conduction mechanism in p—-type
samples is predominantly due to hole transfer from Ni™s~
to Ni®+ ions,

NiZ+ + h ====3 Ni®*
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